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F1G. 1. The path of a metal-rictar in the Hertzsprung-Russell diagram.
Luminosity is in solar units, Lo=3.86X10% erg/sec, and surface temperature T, is
in deg K. Traversal times between labeled points are given in years.
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F1G. 3. Paths in the H-R diagram for metal-rich stars of mass (M/Me)=15,
9,5, 3, 2.25, 1.5, 1.25, 1, 0.5, 0.25. Units of luminosity and surface temperature are
the same as in Figure 1. Traversal times between labeled points are given in Tables
ITI and IV. Dashed portions of evolutionary paths are estimates.
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Figure 1 The CMD of the cluster M3 (Buonanno et al. 1986a, 1987). In this diagram,
10,637 stars are plotted, 9879 from a sample that is complete down to ¥V = 21.5 and totals
~30,000 L of cluster light, while the remaining 758 stars are drawn from a sample that is
complete down to V = 18 and totals ~ 50,000 L, of cluster light. The stars brighter than
V' = 18 therefore belong to a sample totaling ~ 80,000 L, of cluster light (~30% of the
total luminosity of M3). More information on this diagram can be found in Table 2. The
following classification has been adopted for the various evolutionary stages: 1. main
sequence (MS)—core hydrogen-burning phase; 2. blue stragglers (BS); 3. subgiant branch
(SGB)—shell hydrogen-burning phase, from the MS turnoff (TO) to the Hayashi line; 4. red
giant branch (RGB)—shell hydrogen-burning phase along the Hayashi line, until helium
ignition in the core; 5. horizontal branch (HB)—core helium-burning phase; 6. asymptotic
giant branch (AGB)—shell hydrogen- and helium-burning phase; 7. post-AGB (P-AGB)—
final evolution from the AGB to the white dwarf (WD) stage.
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Fig. 1. Outline of the IRFM as implemented in the present work
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Once [Fe/H] and log(g) are known for a certain star, the
observational quantities on the left-hand side of Eq. (3)
determine the star’s effective temperature by comparing
with the theoretical values obtained from models on the
right-hand side. An outline of the practical application of
the IRFM is shown in Fig. 1.



As evpecved. TREM Toges \Nave
mlrvalued correldions with B-v

8000

. 6000

4000

(B-V)

Fig.2. Teq against (B — V). The lines display the fit cor-
responding to Egs. (3) and (4) for [Fe/H] = 0 (solid line),
[Fe/H] = —1 (dashed line), [Fe/H] = —2 (dotted line). Symbols
stand for the same metallicity groups as in Fig. 1. The horizon-
tal long-dashed line delineates the region Tog < 4000 K where
temperatures derived by means of the IRFM have lower ac-

curacy. The top panel of the figure shows the residuals of the
fit
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3. 1.—Evolutionary paths for Population I stars of mass M/Mo = 1, 1.2§5, and 1.5. Times to
labeled points along each track are given in Table 1. Luminosity L is in solar units and surface
rature T, is in degrees Kelvin. Circled numbers represent the factors by which surface Li” abun-
has been depleted relative to its main sequence value. The straight line is one of constant radius R.
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roto chain

: I;roton -proton

Hl+H!—D2+e*+v

D2+ H!—He3+ ¥y PPI
Fig.5-7 Thealternative PP chains. He’+ He®—He*+2H!
When He? is destroyed by the cap- <0r , . i
ture of an alpha particle, the chain He*+ He"*—Be '+ 7y
is completed either through PPII Be’+e —Li’+ v
or PPIII, depending upon the fate : PPII
of the Be? nucleus. Q a_lil—; + Hi—=He® + He* G e stnchiom

Be’+H!—B8&+ v
B8—Bel+et+ v PPIII

Be8— 2He*

Table 5-1 Reactions of the PP chains

Average ‘E’
Q value, v loss, So, dE T12,
Reaction Mev Mev kev barns barns B yearst

Hi(p,8*»)D? 1.442 0.263 3.78 X 10722 4.2 X 1072 33.81 7.9 X 10°
D2(p,v)He? 5.493 2.5 X 10 7.9 X 10-¢ 37.21 4.4 X 108
He3(He?2p)He* 12.859 5.0 X 103 122.77 2.4 X 105
He?(e,v)Be’ 1.586 4.7 X 10! —-2.8 X 10— 122.28 9.7 X 105
Be7(e~,»)Li’ 0.861 0.80 3.9 X 10!
Li"(p,a)He* 17.347 1.2 X 102~ 84.73 1.8 X 1075
Be'(p,v)B? 0.135 ‘ 4.0 X 10~ 102.65 6.6 X 10!
B8(B+y)Bet* (o«)He* :

18.074 7.2 3 X 10-8

1 Computed for X = Y = 0.5, p = 100, T = 15 (sun).

“gfom C‘Q7‘kol\ [5 'b‘iX-E
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Fig. 5-12 The reactions of
the CNO bi-cycle.

NS + H!? —;912+He4

or (~4 X 1074
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= 870sec
log T (years) = —4.56
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log r (years) = —5.25

" tj\ r = 95sec
O F17 — 017+e'*'+ 1 4 log"' (yeays) = —5.52
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\
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Table 5-2 The CNO reactions
dsS
_—
Q value, Average S(E = 0), dE
Reaction Mev v loss, Mev kev barns barns B

C12(p,y)N13 1.944 1.40 4.26 X 10— 136.93
N13(g+y)Cr3 2.221 0.710
Cti(p,v) N1 7.550 5.50 1.34 X 102 137.20
N14(p,v)O1s 7.293 2.75 152.31
O15(8+,y)N1s 2.761 1.00 :
N1$(p,a)C12 4.965 5.34 X 10¢ 8.22 X 102 152.54
N15(p,y)O16 12.126 2.74 X 10! 1.86 X 10! 152.54
Oé(p,v)F17 0.601 1.03 X 10! 2.81 X 102 166.96
F17(g+»)017 2.762 0.94 '
O17(p,a) N 14 1.193 Resonant reaction 167.15

“g:rom Ck\/'&w\ (.S 'eéfk
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Fig. 2. Color-magnitudes for M34 and the Pleiades. The reddening assumed for M34 is Ez_y,=0.07, that for the Pleiades 0.04. The apparent distance
modulus assumed for M34 is 8.60. and that for the Pleiades is 5.65. The isochrones are from Meynet et al. (1993).
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No Unusual BV Photometry for the Li-Rich Star
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Carbon Abundance Trends with Luminosity
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C & N in Field and Cluster Giants

] ] i i1 ] 4 1 I

0.6 - 5 MI3 i
- Nsc7§'>os MIS J\\ims o
o4r l Je—constant C4N
N 03 M2
e __ L ct Kot 19%4 . PASP 93,339
02 IELD GIANTSTL | MSC o 1 ) )7 %
<[N/Fe]> - -
00} i
PAL I3 @FIELD GIANTS I
0.2f J
- N CN \)‘\ M&\m\ b‘Ey
04k IELD SUBDWARFS e
' I TN T ST R j NGC 3201 ]
00 -04 -08 -1.2 -6
([cm])
T
V3]
g‘? I
Sw it A Noreis ("5
\(“SZ. APK)ZS‘*) ("-l-“ h- NGC 6752
) _52 !
s | :
Z

L I 1 1 1 4
-02 00 02 04 06 55(3839)

CN Band strea 5‘:\\ —



[O/Fe]

Oxygen in Cluster Giants from [O 1] Lines

— 7 1 T ] Tt 1.1 T [ T T 1 [T
B °
5 . .@.o . .
— ° e °® O ... s og°
i oo . . (@ C ‘p..@b % ..'\ °
.. & #00x '
- .. ° ° o Og :.h 8@( § E: : .
b @ Oe ® -
. om® 5 '°O% 3
O .'“ """""""""""""""""""""""""""""" *Ce& """ (o) ")'('5""""'.'.' """ . """"""""""" —
= « QU % o et X
_ . o .
® L ’ ° .
" ) y
- ° CS
-5 0@
L * M54
—- | « M3, M4, M5, M10, M15, . X NGC 362
- | M71, M92, NGC 7006 e o NGC 288
- | OM13 o e NGC 3201
-1 —
N NN T T KN TR M S T N S B | 1
-2.5 -2 -1.5 -1




] T T 1 T
€
Dy
8 I
3
O
U
oo 9
a
w @
[&] (o]
o]
S o
o]
o LG
ﬂv,ﬁ 0%
& 4]
o . 0P
§¢
o £
o
¢ Q.é
o O o ¥
o
o o
o
oY
O
@ o
o
OOQ
¢ o
G0 o
00
o O
D_ A 1 i 1

—

iiiiiii



Cluster M3

\obular Star




MDD

LY

Y 3"\ resdwbion

%M,N€7

O‘-‘(,a‘o &:f e \cmcn‘\rs
[Ca/Fe]

e

[Ti/Fe]

[Si/Fe]

L LJ "7] L L A J ' v ¥ L] ‘ L] T L] l L] 1 L ] " L] L l
- ® HamR50 o HamR30 3
- o KeckR45 x HamR30 (poor) ]
[ x ° .
:.-l|""" x Q 00 T, o .
[ ]
s o
o L 1 l L [ 1 l L 1 l Il i i l 1 4 1 l L 1 l-‘
B LE L I 1 ) 1 I L L I L] | 4 1 I L L ) l T Ll I-
[ o ) ° .
s = O g&) Cﬁ 1) H N
I.-_ ‘......=<.--a ............... %. ..0 .................... ....6-..i ....... . ............. _-.
b o :
N .
- 1 i l [ 1 1 | { 4 l L [ L l [ 1 [ I L i b
L 1 1 l L) 1 T I 1 ] | L] L] L) | ] 1 ) L] l L) ¥ l-
C e} ]
TP - S § C..on00. Qe of....... Bernenanns TSR e
Sy A 8 e ]
. 3
s s ' l i L 1 l ' L 1 l ] q N l 1 i 1 J 1 i l-
- 7 1 ' L] ¥ I Ll L] T ' Ll L] L] ' 1 ¥ L4 l L ¥ '4
L o (o) ° o
s bl B .o %o o0 o % o e . -
e oS - .- SO e -
- 4 ] I 1 L 1 I 1 1 l I3 Il 1 l 1 i ] L l 1 1 i-:
- ] ] I ] L] T ‘ T ) l L} L} ¥ l L ] L] l L] T I:
[ 3
n o ;
L (o] -
[ ma B @ % 1 s, 3§ °
- o -
N TP DR (TS SRR 14
- L] L] ‘ L} T L| l L] L) 1 i L L] I L] L] L] ' L | 4 '-
[ x o 2
- o -
-0 e O e ]
._ 1 '] l 'l [l 1 I 1 L [ | 1 q '] l 1 1 ! l ] ' l—-

4200

4400
Teff

4600

4800



[Mg/Fe] [Na/Fe] [O/Fe]

[Al/Fe]

M1 f)rojtfor\“c«ap%ure e/\emem‘(,TS

1 | 1 l L R ] l L] LI 1 I L T | I 1 ] ] l L} rm 1 L
n o ° ° -
L @ o ° ° o i
[ " g . ° ]
bt e e v m e - ............ o, ...--.-Q-o -------- 6 ----- o ------------- . -------------------------------------- p—
L o . -
" ° . ]
- I @) o .
- Ou ? 7]
[ mg 1
o [ [ ! 1 [ 1 ' [] [} } L [ ) [ I 1 (] [} I i (] 1 l-
- 1] ] l ¥ ] H I | L L l L) ) 0 l 1 1 1 | 1 1 1 '-
o . u o) ° 3
N g B | Q ° Py o
_ c 00 O ° N
= " o° o ©O o
= o o -
:..l .................................. O ...................... ¢ P S _:
L [ -
L O ° ¢ -
N T T PR B B T
B 1 ' L] 1 l—r L] 1 I 1 1 1] l ) 1 1 T 1 1 | ] I-
N ° ° -
» " (o) 8 o -
L [ | ° o, o . o -
:—----.- ---------- .» ------------------------------------------------------------- . ------------- —-
N BT R A IR R S R ST ST T DT T TN DT
- T 1 i B L ) I 1 1 L) I |} L I I ) 1 ) l ¥ L I-
L o ° -
= OO ] 7
f = ]
i o
e =
L . o
F ° o0 N
e eeeeeecceannerecnnessaconraaanreane e [ @ NN UPURPUNS A —
N ©3) ° ! -
=d 1 [ l (] 1 1 ' N | QJ [ [ 1 I (] 1 ] l 1 [ [ l"'

4000 4200 4400 4600 4800
Teft

5000



[Na/Fe]

[Al/Fe]

M

\3 fr& %"eq“ﬁ&f%&,ﬂra &L)W’xéx@ﬁ.&é corré {6«3(7;0/\5'

C T ] T T T | T T T I T T T | T -
- 0 o . -
[~ — 30 ~0Q% 92— 8 — ]
= O l i & Qo -
i d N ]
- ~ -
e e nnnd AL _.
N o |
i e o
- ologg<1.0 R@B tip o o -
N ® logg=1.0 lower SZW\'& brandh "
- 1 | 1 1 1 | ] 1 i | [l 1 1 | 1 =
= 1 ] 1 T T | T T T ] ! T ¥ ] T ]
N 0 00y 9% o p
- w 46./.’_0 & @ -
IV o _,,._‘_...—’/‘. ............. ]
L — —65 o o -
_ O <« —o ° ]
- 1 | 1 1 1 | 1 | 1 | 1 [l 1 | ] =
= T | ) 1 ) | T T 1 | ¥ | T [ T ]
_=“°" 00 — —o— @ . -
- <@ — ~ - o -
L ] ~
- ~ -—
B N, i
i N\ ]
» O\ -
- oa o
e eeeaeeeeaaeaesannraseeeaeceeesannanenaassssnsensannnansnsanaranns! 3\ . A
w 1 | ] 1 1 | 1 } i | 1 ] 1 |\’ L =




Relative Flux

M\?D: CkS‘\N\E)\Q/ 5‘oeci7rum C/om‘?arigo/\
These stars hove Same (f\l)(b—\b or (\03 g )Tea=>

1 1 ¥ T Ll ¥ ¥ l 1 v ¥ ' L] | ] I ¥ ] ¥ ¥ ' ¥ LJ ¥ ' ' 1 ¥ I v L]

1 [ L-469

8 L-1062Y " | i 8
- [O1] 7

6 - i .6
. L. Nal
X Nal |
i L I A1 Al 1 l i L A ' L 1 1 I .4 l 1 [ L l 1 1 i I 1 [ 'l l [ L
6298 6300 6302 6304 5682 5684 5686 5688
1. 1 1 T I 1 1 ) l L L} ¥ L L ' ] L] L] I L) ¥ 1§ "I 1 L ] I 1 LI
- 1
.8
6 I - 7
8 MWWWW
4 : i All All L-1062_‘
]
2 Mg | —
: 1 1 ' L L [} I [ L [ l 1 1 [] I— .6 [ I L 1 i l ] L 1 I ] 1 1 l - | 'l
5526 5528 5530 5532 6694 6696 6698 6700

Wavelength (A)
L469: Oob Mgl Nat AP
Llokz: Ot Mj’(‘ Na J M‘L



[Mg/Fe]

Sodium & Magnesium in M13
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Summary of the O-Na Anticorrelation
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Fic. 9—(After Langer et al. 1993, copyright Astronomical Society of the
Pacific. Reproduced with permission.) Mass fractions for ten isotopes in
material that has been mixed to a temperature 79 =0.40 and density of 44.7
g cm™>; the abscissa is the log of time since the mixing occurred. The mass
fractions are 1/150 times their solar values for most isotopes. The four alpha
isotopes, '°0, ®Ne, 2*Mg, and 2Si, are assumed to be enhanced by a factor
of 2.5 initially. The abundances of 2>Na and ?’Al are assumed to be 2.5 times
less than their scaled solar values. At log r=12.25 (60,000 yr), the abun-
dance of hydrogen has dropped by 5% in the mixed material. Note that the
outcome for >*Na, after log r=12.25. would be the same as shown here even
if the initial abundance of 2*Ne had been set to zero. Note also the partial
recovery of '*C as time advances.
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Ca II Emission in Field Metal-Poor Giants

600 - ;
an
T 400 '.
3
Q ] E
© :
2 440
i § 200 1«
m -
-1 20
| 0.33 HD 175305 0.50 HD 184266 1
0 bttt
40 ]
a0
a [
g 30 60
Q
(S t
o i p
@20
s20¢ 40
g i
[/2] L
10 420
[ HD 184711 187111 |
. T S N R SN SO
s00 b ! L o B A s DY
@300 : i
g 40
[}
<
- 200
2 E
3 20
2] -
100 i )
[ 1.00 HD 204543 0.50 HD 218143
AR ST BTN R MU AT S 2 '
3930 3935 3940 3930 3935 3940
©) Wavelength (1) Wavelength (A)
1000 1 . —rr T3
. -54q,
800 ]
2 ! | 440
g i
3 600f Yl 30
-] i »
Q d 4
s 400} J20
3] L 4
7] L I 4
200 [ J10
L 0.50 HD 221170 1.30 HD 232078 ]
RN AU SN S P S I S
3930 3935 3940 3930 3935 3940
® Wavelength () Wavelength (A)

A, Du()re_e + G H, _Sm"‘:b



My

00

05

1.0

15

20

05 Q06 Q.7 0.8 09 1.0 L1 1.2

Trends in Ha Emission

lIT.’IIIIIIITTIII‘IYTIIIIl]llllllllI_Illll

® A BLUE SHIFTED
o O & NOT SHIFTED

llJlllllJ}lllJ_llllllJllllllllllllIlllllllllljlll

lllllIIl]‘[llllllllll'_l1llIflllllll|l|ll|llll1llll
>
O
»
O

llllllIIIlIlIIlllIlIIIIlIIIl]llJllllll

=
(4]

(V"R)o



Cluster Color-Magnitude Diagrams
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—log &6 (*%0)) was not normalized by the solar system fluorine abundance (log & (F) = 4.48), but by the mean F abundance, log &(F) =4.69, in K and
M stars with [Fe/H] > —0.20
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Fig. 7. Oxygen abundances in the various samples of red giants (see Fig. 3 for an explanation of the symbols) as a function of 2C/*€0. Since no large
trend is apparent in the diagram, the normalization by '®O cannot be responsible for the correlation ([*°F/*°0], '>C/'°0O) observed in Fig. 6
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FIGURE 3. A schematic showing how '°F is believed to be produced in AGB star interiors."
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